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Abstract : The goal of this study was to establish a normogram of the intracranial 
structure volumes in appropriate-for-gestational age （AGA） Japanese fetuses.  This 
was a cross-sectional and prospective study of 211 AGA fetuses.  The total intra-
cranial, cerebrum, ventricle, choroid plexus, cerebellum, cerebellar vermis, and cavum 
septum pellucidum volumes were measured using three-dimensional （3D） ultra-
sound.  The fetal cranial and intracranial structure volumes signicantly increased 
with gestational age （GA）.  When using the GA as an independent variable and 
the fetal cranial or intracranial structure volumes as the dependent variable, the 
best-t equation for the fetal brain was a second-order polynomial regression equa-
tion.  We herein provide the rst report of fetal cranial and intracranial structure 
volumes and their normal growth curves in normal Japanese fetuses.  Future 3D 
ultrasound studies of volume and other intracranial fetal structures could provide 
valuable information about how such changes may correlate with long-term neuro-
development and the results may be used for comparisons with fetal growth restric-
tion in the future.
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Introduction
　Three-dimensional （3D） ultrasound imaging has made it possible to more accurately measure 
the volumes of not only various tumors, but also the organs and structures of a fetus including 
those with irregular shapes such as the liver, lungs, femurs, and kidneys 1）.  Prenatal assessments 
of fetal intracranial structures are usually performed using two-dimensional （2D） ultrasound bio-
metric measurements, and now, 3D ultrasound imaging is increasingly used as a complementary 
tool in fetal evaluation, offering the possibility of calculating fetal organ volumes and providing 
extra information on growth and maturation 2, 3）.  The Virtual Organ Computer-aided Analysis 
（VOCALⓇ） software has previously been used to describe normal reference values for the cere-
brum 3-5） and cerebellar volumes throughout gestation 6-10）.
　Assessing fetal brain volume is crucial in evaluating fetal growth and central nervous system 
development, with previous studies demonstrating a strong correlation between cerebellar volume 
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and gestational age （GA）6, 11, 12）.  However, no other specic information on the volumes of fetal 
brain volumes in Japanese fetuses is available.
　The present study thus aimed to evaluate the feasibility and reproducibility of volume segmen-
tation of fetal intracranial structures using 3D ultrasound imaging.  We also sought to establish 
normal growth curves for fetal intracranial structures （intracranial, cerebrum, ventricle, choroid 
plexus, cerebellum, cerebellar vermis, and cavum septum pellucidum）.
Material and Methods
Patients
　Females who attended the prenatal clinic and were referred for an ultrasound examination 
for fetal biometry were included in this prospective and cross-sectional study, based on the fol-
lowing criteria : （1） patients with an expected date of connement （EDC） conrmed using a 
dating ultrasound examination to measure the crown rump length （CRL） in early pregnancy ; 
（2） singleton pregnancies with a GA of 16～ 34 weeks ; （3） normal pregnancy without maternal 
or fetal complications ; （4） both parents are Japanese ; and, （5） fetuses corresponded to the 
appropriate estimated fetal weight according to the standard established by The Japan Society 
of Ultrasonics in Medicine.  The ethics committees of Showa University approved the study 
protocol and written informed consent was obtained from all parents after a full explanation of 
potential issues associated with the study.  The setting was the Ultrasound Unit of the Depart-
ment of Obstetrics and Gynecology, Showa University Hospital, Tokyo, Japan, from 2010 to 2012.
3D ultrasound scanning
　All ultrasound examinations were performed using a Voluson E8 Expert BT11 （GE Health-
care） ultrasound machine with a 4- to 8-MHz convex 3 probe and an internal device for auto-
matic frame acquisition for volume reconstruction.  Routine 2D ultrasound examinations for fetal 
anatomical evaluations and standard fetal biometry including the biparietal diameter （BPD） and 
estimated fetal weight （EFW） were calculated.
　All ultrasound examinations were carried out by the same observer and were stored on digital 
devices for further analyses.  The volume sweep angle was set at 65° to 85° and the highest 
quality of acquisition was selected.  Brain volumes were obtained from a cross-sectional view 
of the fetal skull at the level of the BPD plane.  All volumes were acquired in the axial view ; 
thus, for the multiplanar display, Box A corresponded to the axial plane, Box B to the coronal 
plane, and Box C to the sagittal plane.  Fetal brain scans were performed when the fetus was 
at rest and in the absence of maternal movements.  If fetal movement was observed during the 
volume acquisition or movement artifacts were visible in the B-plane of the orthogonal display 
of the scanned volume, the volume was discarded and replaced with another volume.  The 
acquisition process was repeated until the operator was satised with the volumes.
Volume measurement with 3D ultrasound
　All 3D volumes were saved for ofine analysis using a software package （ViewPal 6Ⓡ） with 
121Fetal Brain Volume
the Virtual Organ Computer-aided AnaLysis program （VOCALⓇ, GE Healthcare）.  We used a 
rotation step of 15°, based on the optimal value determined by a previous study 2）.  The total 
intracranial, cerebrum, ventricle, choroid plexus, cerebellum, cerebellar vermis, and cavum septum 
pellucidum volumes were obtained every 12 images, and we traced the outline of the external 
surface in every slice.  Tracings were done using the BAMBOOⓇ FUN （WACOM） software, 
which could trace each item correctly and smoothly.  The volumes were estimated in cm3.
　The boundaries for the total intracranial volume were dened anteriorly, posteriorly, and later-
ally by the inner wall of the skull and inferiorly by the oor of the skull.  The cerebral hemi-
sphere region boundaries were delineated right and left, separated by the cerebral falax （Fig. 
1）.  The ventricle measures included the anterior horn, body, and trigone of the posterior horn, 
without the inferior horn, and we measured only the upper half.  There were no signicant dif-
ferences in the volumes between the right and left sides.  In addition, we measured the choroid 
plexus in the same section used to measure the ventricle.  The cerebellum region was recognized 
on the traditional plane used to measure the cerebellar transverse diameter 11）, and the boundar-
ies were delineated as the hemisphere of cerebellum contacting the midbrain （Fig. 2）.  The 
cerebellar vermis region boundaries were the culmen, declive, and folium on the tentorial surface 
and the tuber, pyramis, and uvula on the suboccipital surface.  The cavum septum pellucidum 
could be recognized from an axial view of the fetal head at the level of the BPD.
Reproducibility
　For intra-observer evaluations, an observer measured each volume two times against a patient 
within thirty minutes for 20 pregnant women.  For inter-observer evaluations, two independent 
observers measured each volume for 20 pregnant women.
　For analyzing intra-and inter-observer agreement, an intraclass correlation coefcient （ICC） was 
Fig. 1. Final volume reconstructions of cerebrum 
regions using the Virtual Organ Computer-
aided AnaLysis （VOCAL） software
Fig. 2. Final volume reconstructions of cerebellar 
regions using the Virtual Organ Computer-
aided AnaLysis （VOCAL） software
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calculated based on a two-way random and mixed model.  High absolute agreement corresponds 
to a high ICC （close to 1）, with values ≥ 0.75 indicative of good agreement.
Statistical analyses
　All the data for the brain volume measurements were stored on a personal computer for the 
nal analysis.  Excel version 2010 statistical software was used for all statistical calculations.
Results
　This was a cross-sectional and prospective study of 211 AGA fetuses that satised all inclusion 
criteria for the nal analysis.  Table 1 details the gestatinal age and birth-weight characteristics.
　Substantial to almost perfect intraobserver reliability （close to 1） was observed for all regions. 
The total intracranial, cerebrum, cerebellar, cerebellar vermis and cavum seputum pellucidum 
regions showed similar ndings for the interobserver measurement reliability （close to 1）.  The 
structures showing substantial interobserver measurement reliability were the ventricle and cho-
roid plexus （Table 2）.
　The fetal cranial and intracranial structure volumes increased signicantly with increasing GA. 
When the GA was used as an independent variable and the fetal cranial and intracranial struc-
ture volumes were used as the dependent variables, the best-t equation for the fetal brain was 
a second-order polynomial regression equation, as follows : Intracranial volume （cm3）＝ 0.5748×
GA2-10.823×GA＋43.3.  In addition, as shown in the scattergram and the best-t equation in 
Fig. 3, the correlation coefcient of the fetal cranial volumes and the GA was signicant.  The 
Table 1.　Details the AGA （n＝ 211） fetuses
Variable AGA （n＝ 211）
Gestational age at birth （weeks＋ days） 39.57±1.12
Birth weight （g） 3071±323
AGA : appropriate-for-gestational age
Table 2.　Intraclass and Interclass Reliability
ICC （95％ Confidence Interval）
Intra-observer Inter-observer
Intracranial 1.000 （0.999-1.000） 0.997 （0.992-0.999）
Cerebrum 0.999 （0.996-0.999） 0.950 （0.878-0.999）
Ventricle 0.981 （0.954-0.993） 0.764 （0.494-0.899）
Choroid Plexus 0.947 （0.872-0.979） 0.752 （0.474-0.894）
Cerebellum 0.998 （0.994-0.999） 0.985 （0.963-0.994）
Cerebellar vermis 0.988 （0.969-0.995） 0.849 （0.651-0.939）
Cavum septum pellucidum 0.988 （0.971-0.995） 0.959 （0.894-0.983）
123Fetal Brain Volume
cerebrum volume （cm3）＝0.425×GA2-8.0686×GA＋32.412 （Fig. 4）, the ventricle volume 
（cm3）＝0.0095×GA2-0.2091×GA＋2.3364 （Fig. 5）, the choroid plexus （cm3）＝0.0018×GA2-
0.0171×GA＋0.6424 （Fig. 6）, the cerebellum （cm3）＝0.0306×GA2-0.8473×GA＋6.0372 （Fig. 
7）, the cerebellar vermis （cm3）＝0.0055×GA2-0.1201×GA＋0.5283 （Fig. 8） and the cavum 
septum pellucidum volume （cm3）＝0.0011×GA2＋0.0065×GA-0.3637 （Fig. 9）.  There was also 
a strong correlation between the volume measurements taken by two independent observers and 
the intra-observer measurements.
Fig. 3. Scattergram showing the correlation between fetal 
intracranial volume and gestational age. The three 
curves represent the ＋1.5 SD, median, and -1.5 
SD of the 3-D intracranial volume.
Fig. 4. Scattergram showing the correlation between fetal 
cerebrum volume and gestational age. The three 
curves represent the ＋1.5 SD, median, and -1.5 
SD of the 3D intracranial volume.
Fig. 5. Scattergram showing the correlation between fetal 
ventricle volume and gestational age. The three 
curves represent the ＋1.5 SD, median, and -1.5 
SD of the 3-D intracranial volume.
Fig. 6. Scattergram showing the correlation between fetal 
choroid plexus volume and gestational age. The 
three curves represent the ＋1.5 SD, median, and 
-1.5 SD of the 3-D intracranial volume.
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Discussion
　The volume charts for fetal organs and structures vary considerably among studies 13）.  One 
review identified 43 studies that reported normal volumes for the fetal brain, cerebellum, 
thalamus, liver, femurs, lungs, and kidneys in first-trimester embryos 8）.  However, only a few 
studies have focused on fetal cranial and intracranial structure volume measurements during 
development 1, 2, 4, 6, 7, 9-12）.  In addition, some previous papers reported measurements of fetal brain 
structures by magnetic resonance imaging （MRI）14, 15）, with results similar to the present ndings. 
However, MRI is far less convenient than ultrasound imaging, and indeed, obstetricians routinely 
use ultrasound in the clinical setting to evaluate fetal growth 16-18）.  Thus, Japanese standards are 
needed to as a guide for fetal measurements made by ultrasound.
Fig. 7. Scattergram showing the correlation between fetal 
cerebellar volume and gestational age. The three 
curves represent the ＋1.5 SD, median, and -1.5 
SD of the 3-D intracranial volume.
Fig. 8. Scattergram showing the correlation between fetal 
cerebellar vermis volume and gestational age. The 
three curves represent the ＋1.5 SD, median, and 
-1.5 SD of the 3-D intracranial volume.
Fig. 9. Scattergram showing the correlation between 
fetal cavum septum pellucidum volume and 
gestational age. The three curves represent the 
＋1.5 SD, median, and -1.5 SD of the 3-D intra-
cranial volume.
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　To address this need, we used 3D ultrasound imaging in this study to assess fetal brain 
volumes, and found a highly significant correlation between the fetal cranial and intracranial 
structure volumes and GA.
　To ensure the reproducibility of the brain volume assessment in this series, a single operator 
preformed all measurements.  In addition, we analyzed intra- and inter-observer errors.  Our 
results suggested that this method of measurement has high reliability.
　To the best of our knowledge, this is the rst longitudinal study of fetal brain volumes mea-
sured by 3D ultrasound, and there has been only one prior study on 3D sonographic fetal cer-
ebellar volume measurement during a normal Japanese pregnancy 6）.  The results of that study by 
Hata et al 6） indicated a relatively wide normal range of cerebellar volumes throughout pregnancy. 
Our results also showed some variability in the volumes of the choroid plexus and the ventricles, 
and such variations are likely to reect the blurred borders in ultrasound images.  In comparison 
with other studies, our cranial volumes were larger than those reported by Roelfsema et al 4） and 
Hata et al 6）, comparable to those reported by Chang et al 10）, and smaller than those cited by 
Endres and Cohen 5）.  These inter-study differences might be due to racial variations, to inherent 
differences in the volume measurements between the VOCAL and Multiplanar methods, and / or 
to the different probes that were used in each study.
　It is important to note that the accuracy of volume measurement still depends on the shape 
of the volume and the number and orientation of the measured slices, and more complex 3D 
shapes will require more measurements.  Indeed, when we measured the intracranial and cere-
brum volumes in this study, the measurements were larger than the actual volumes, because it is 
difcult to distinguish between cranial surface and the surface of the brain.
　In conclusion, we showed, for the rst time, volume measurements for the cerebrum, ventricles, 
choroid plexus, cerebellum, cerebellar vermis, and cavum septum pellucidum, as well as normal 
growth curves of Japanese fetuses.  Future studies on 3D ultrasound volume calculations of these 
and other intracranial fetal structures could provide valuable information on how these changes 
may be correlated with the long-term neurodevelopment of the fetus, and will be useful for 
comparisons with measurements in cases of fetal growth restriction.
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